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Thus, the loudspeaker cabinet, which may be considered as a set of vibrating plates, is rather a source of a very weak sound and may be neglected.
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What is a Modal Analysis?
A term modal analysis refers to a process of characterising dynamic response of a structure by describing its vibrational motion by means of a set of mathematical relationships, generally referred to as modal properties.1-3) Vibrational modes of a structure can be obtained by means of one of two different approaches:
mathematical models or experimental analysis. 4) Mathematical models generally discretize a structure by dividing it into a number of masses and springs, either by assuming a lumped mass and spring approach or by using the Finite Element Method (FEM) where each element is considered as a mass-spring system. A computer program, then solves the eigenvalue extraction problem to obtain the mass, frequency, damping and mode shapes of each eigenmode of the system. Once the modal properties are determined the system is entirely described.
Experimental modal analysis on the other hand starts from a set of measured Frequency Response Functions (FRFs) of a structure. The FRF is defined as a ratio of a response signal spectrum and an excitation signal spectrum. Based on these functions the modal properties (i.e. modal frequencies, modal damping and mode shapes) are calculated without any specific assumptions concerned with the distribution of mass and stiffness of the structure. The modal model, that consists of the modal properties, is obtained by analytical curve fitting one or more FRFs. The experimental modal analysis, based on FRFs measurements, may be used to describe dynamic behaviour of any vibrating object including a loudspeaker system.
In terms of modal analysis, the FRF for the response Xi, at the point i, due to an excitation force (1) If all points i and k are taken into consideration, then Eq.(1) takes form:
The Laplace variable s in Eq.
(1) has been replaced by the frequency co along the frequency axis; rikr and furl are complex quantities. Thus, each mode of vibration is defined by a pair of complex conjugate poles (pr, pr*) and a pair of complex conjugate mode shapes ({ur}, {ur*}); {ur}t and {ur*}t are transpositions of furl and {ur*} respectively. A set of FRF with indices i and k is usually arranged in a matrix called a modal matrix.
Assumptions
Modal analysis imposes following assumptions on the investigated object:
( 
MEASURING SETUP AND MEASURING CONDITIONS
The object under investigations was a typical ZgP-40-8-85 "Tonsil" loudspeaker system taken by chance from the manufacture.
The system consist- voltage (RMS), flat spectrum, pseudo-random noise. The frequency range of the signal was 0-4 kHz. To preserve a natural working condition of the system the signal was delivered to the loudspeaker's voicecoils. The signal was also delivered to one channel of the dual channel spectrum analyser (ONO SOKKI CF 6400) which was the main part of the measuring equipment. The response signal from the vibrating body, i.e.
the changes in the velocity of a vibrating point of the in a mini-computer environment. Experimental modal analysis of an object is based on a set of measured Frequency Response Functions (FRFs). A distribution and a number of the measuring points applied to the object are very important for the accuracy and the resolution of the analyse. They must reflect the geometry of the investigated object in an optimal and the best possible way. In the presented study the loudspeaker system was characterised by means of 493 points uniformly spaced on the front panel of the system. The distance between two adjacent measuring points was approximately equal 1.5 cm. The distribution of the measuring points, plotted in Cartesian coordinates is given in Fig. 3 3. RESULTS
Results of Modal Analysis
Based on the frequency response functions measured in all 493 points the modal parameters (i.e. modal frequencies, modal damping and mode shapes) were calculated by means of the STARModal(R) program package. The results of modal analysis are presented in Table 1 .
Each cell of the 
were: damping value is s-1 for r-th mode, r-th mode.
The shape of the mode is an envelope of the inherent deformation of the structure expressed in a linear scale, related to a particular modal frequency. In our case (as a stimulating spectrum is flat) it is a sort of distribution of the velocity across the front panel of the system.
The basic structure and a character of each of presented modes is roughly constant.
However, the shape of the plotted surfaces may somewhat vary as phase changes from 0 to 360 degrees.
The frequency range of the measurements was from 0 to 4kHz and the frequency resolution was equal to 10 Hz (400 frequency values equally spaced in the frequency range). Spatial resolution was roughly equal to 1.5 
Results of Spectrum Analysis
All active points situated on the front panel of the system correspond to the vibration of the speakers. The points beyond the membranes (excluding some points in the adjacent area to the woofer) may be characterised by a near zero velocity. It means that cabinet must be relatively rigid. It may transmit some vibrations but it behaves quite calm. Mode shapes presented in the Table 1 are expressed in a linear scale. So it is difficult to assess the dynamic range differences between vibrations of the cabinet relative to the vibrations of the membranes. To assess this differences some additional measurements were carried out. These measurement were concerned with determination of the power spectrum of the background noise and the power spectrum of the signal in all measuring points. First, the power spectrum of the velocity was determined while exciting pseudo-random noise was delivered to the loudspeaker system. Then, the signal was turned off and the power spectrum of the velocity was determined again. The velocity spectrum measured in the later case corresponded to the background noise vibrations. Thus, the power spectrum of the background noise was determined.
Examples of the power spectra are presented in Figs. 4a-g (the data presented in these figures were collected in points which are shown in Fig. 3 by means of black dots). Both curves are plotted in a logarithmic scale (20 log(v/v0), v0 =1m/s; in dB) and are scaled on 20dB units. Frequency is given in a linear scale on abscissa. The upper curve in each panel of the figure shows the magnitude of response spectrum measured for the pseudo-random noise excitation. Each bottom curve shows the power spectrum of background noise.
The level of the vibration connected with the stimulating signal is generally higher than the level corresponding to the background noise particularly for the points placed on the membranes and for all points situated no further than 3 cm from a vibrating membrane (see Fig. 4c and 4d ). The largest difference, equal approximately 60-75 dB in whole frequency range, was observed in point no. 4 (the membrane of the woofer) and in point no.3 (the rim of the woofer). Next, the measuring point (no.2) placed on the plastic ring of the woofer showed also significant vibrations, about 30 dB above the background noise (Fig. 4b) . Significant vibrations were also observed in point no.6 situated on the midtweeter membrane (Fig. 4f) .
The data presented in Fig. 4e suggest that point no. 5 situated between woofer and middle range tweeter also vibrated significantly. These vibrations were about 20 dB above the level of the background noise in the frequency range up to 3 kHz. Notice that in this case, and for frequencies below 3 kHz, at least two speakers, i.e. the woofer and the middle range tweeter, were electrically stimulated, since crossover frequency between woofer and middle range tweeter is equal 3.5 kHz and the crossover network slope is 6 dB/octave. Thus, the vibration observed in the point no.5 must have come from vibrations of the woofer and the mid-tweeter.
It is worthwhile to say that this type of results were also gathered for all points placed close (no more than 2-3cm) from the woofer. So the data presented in Fig. 4e are representative for whole area around the woofer. They suggest that in the real conditions this area vibrates somewhat. However, the observed vibrations were approximately 40-50 dB below the vibration of the membrane of the woofer. Area above the tweeter (point no.7) is excited in the very limited range, because crossover frequency between the mid-tweeter and the tweeter is 10.5kHz and the crossover network slope is 6 dB/octave. Thus, the tweeter might be excited electrically although the excitation is very weak. What is more, the mass of the woofer, the main vibrating speaker, is 0.95kg while the mass of the less electrically stimulated speaker, the tweeter, is 0.09kg. Therefore, inertia of the woofer is much greater than inertia of the tweeter and the woofer excites some area around it while the tweeter-does not.
Almost no vibrations were observed in points no. 1 and 7 (see Figs. 4a and 4g ) and in all other points situated further than 3 cm from the woofer. There is small difference between power spectra of the signal and background noise in the low frequency region determined in these points. There was no measuring point that this difference was higher than 5 dB in the whole frequency range, i.e. in 0-4 kHz range. On the other hand, it is necessary to say that there is a huge difference between vibrations of the membrane and the vibration of these points. This difference is at least 60 dB in whole frequency range. Thus, assuming that the front panel of the loudspeaker system is a kind of vibrating plate, its vibrations are 1,000 times smaller than the vibrations of the membrane of the woofer. It means that the front panel is almost calm, its vibrations are very small and their contribution to the total vibration pattern in the majority of cases can be neglected.
CONCLUSIONS
(1) Vibration modes of single loudspeakers were found in the set of the system vibrational patterns. However, since the spatial resolution of measurements performed on the front panel of the loudspeaker system was rather rough, it was only possible to depict areas of the greatest vibration. Description of modes of separate loudspeakers was not our task we wanted to investigate vibrations of the loudspeaker system as the whole and to find the most vibrating areas.
(2) The strongest vibrations measured on the front panel of the loudspeaker system are related mainly to the vibrations of the membranes of the speakers. Vibrations of the membranes of the speakers are at least 60 dB higher than vibrations observed in the most points of the front panel of the cabinet.
(3) Vibrations of the front panel of the loudspeaker (excluding the areas of the membranes) are very weak related to the vibrations of the membranes. They are no higher than 5 dB above the background noise. The only exception is the area close to the woofer where the vibrations were about 20 dB bigger than the level of the background noise.
(4) The contribution of the vibrations of the front panel of the loudspeaker system (excluding the membranes) in the sound field radiated by the loudspeaker system is rather small and may be neglected.
